We study the thermodynamic properties of Schwarzschild-de Sitter (SdS) black hole and Reissner-Nordström-de Sitter (RNdS) black hole in the view of global and effective thermodynamic quantities. Making use of the effective first law of thermodynamics, we can derive the effective thermodynamic quantities of de Sitter black holes. It is found that these effective thermodynamic quantities also satisfy Smarr-like formula. Especially, the effective temperatures are nonzero in the Nariai limit. By calculating heat capacity and Gibbs free energy, we find SdS black hole is always thermodynamically stable and RNdS black hole may undergoes phase transition at some points.
can analyze one horizon and take another one as the boundary or separate the two horizons by a thermally opaque membrane or box [21] [22] [23] [24] [25] [26] . In this way, the two horizons can be considered as two independent thermodynamic system and have their respective first law of thermodynamics.
Besides, one can also take a global view to construct the globally effective temperature and other effective thermodynamic quantities [27] [28] [29] [30] . In this approach, the observer could imagine himself lie between the region between the black hole horizon and the cosmological horizon. For such an observer a new effective first law for the whole de Sitter black hole can be constructed with the total entropy assumed to be the sum of the entropies of the black hole horizon and the cosmological horizon [15, 34] . However, it should be noted that there is also other choices for the total entropy of de Sitter black holes. As mentioned above, the whole system is in fact in a non-equilibrium thermodynamic state. The total entropy may be not simply the sum of entropies of the black hole horizon and the cosmological horizon. Even when multiple horizons exist for de Sitter black holes, the area law of entropy may be no longer established for the cosmological horizon [25] .
Even though adopting the globally effective approach to deal with de Sitter black holes, there are still two different starting points. One can first take the geometric volume between the two horizons as the thermodynamic volume of the system and then derive the effective pressure and other effective thermodynamic quantities from the effective first law. In this case, the effective first law can be written in the form dM =T ef f dS −P ef f dV + · · ·, where the "· · ·" represents the contributions from other matter fields. This idea has been employed in [27] [28] [29] [30] . The other idea is to consider the cosmological constant as variable and relate it to the pressure and then derive the effective volume and other effective thermodynamic quantities based on it. The effective first law in this case has the form dM = T ef f dS + V ef f dP + · · ·. Obviously, in the two cases, the effective thermodynamic quantities are different. Especially, the same M in the two first laws have different meanings. In the former, it means internal energy and in the latter, the enthalpy. In this paper we will take the latter idea to study the thermodynamic properties of some de Sitter black holes.
To study the thermodynamic stabilities of de Sitter black holes by means of effective thermodynamic, we also draw lessons from the former works on non-equilibrium thermodynamics [31] [32] [33] .
Although these effective thermodynamic quantities are derived by analogy, they may reflect the global thermodynamic properties of de Sitter black hole. According to (M, P, S) and the effective thermodynamic quantities (T ef f , V ef f ), we derive the effective heat capacity and Gibbs free energy, by which we can analyze the thermodynamic stability of the de Sitter black holes in the global sense.
The paper is arranged as follows. In Section II, we study the thermodynamics of Schwarzschild-de Sitter black hole. In Section III we will study Reissner-Nordström-de Sitter black hole and analyze its thermodynamic stability. We make some concluding remarks in Section V.
II. THERMODYNAMICS OF SCHWARZSCHILD-DE SITTER (SDS) BLACK HOLE
For static, spherically symmetric spacetime, the metric ansatz is usually given by
where
for SdS black hole.
If 0 < 9ΛM 2 < 1, the two positive roots of f (r) = 0 mark the positions of the horizons of SdS spacetime. The smaller one, expressed as r + , corresponds to the black hole event horizon. And the larger one, r c , corresponds to the cosmological horizon.
One can express the parameters M, Λ according to r + and r c . They are
where we have set x = r + /r c , thus 0 ≤ x ≤ 1.
The surface gravities of black hole horizon and the cosmological horizon are:
because r + and r c satisfy the relation:
Temperatures of both the horizons are
Entropies for the two horizons are respectively:
We consider the cosmological constant Λ as variable and relate it to the thermodynamic pressure: [35] . It is found that the first laws of thermodynamics can be established on the two horizons:
and V c = 4πr 3 c 3 are the conjugate volumes to the thermodynamic pressure. Now let us take a global view on the thermodynamics of the SdS spacetime. In our former works, we have studied the thermodynamics of SdS black holes based on the effective first law:
dM =T ef f dS −P ef f dV with V = 4π(r 3 c − r 3 + )/3, the volume between the black hole horizon and the cosmological horizon and the total entropy S = S + + S c [36] . In this framework,T ef f = ∂M ∂S V , is the effective temperature andP ef f = − ∂M ∂V S , is the effective pressure. Below we take another view.
One can introduce the effective thermodynamic quantities and construct effective thermodynamic law for the SdS spacetime:
where κ ef f is the effective surface gravity and V ef f , the effective thermodynamic volume. We can derive the effective thermodynamic quantities 1 :
One can easily verify that these effective thermodynamic quantities also satisfy the Smarr-like formula:
This relation hints the scaling behaviors of these effective thermodynamic variables. Obviously, when the cosmological horizon radius r c is scaled as r c → λr c , other state variables are scaled as
This issue has been carefully discussed in [25, 37] .
In this form, M should be identified with the enthalpy of the whole SdS thermodynamic system. When x → 0, the black hole horizon vanishes, SdS spacetime becomes pure dS space. In this case, one can easily find that
These are exactly thermodynamic quantities of dS space. When x → 1, the black hole horizon and the cosmological horizon apparently coincide, but the volume between them is not zero. The nonzero volume indicates that in this limit the region between the two horizons does not shrink into zero. The two horizons are not really coincident. This is usually called Nariai limit [38, 39] .
In this case, r + = r c = r 0 = 1/Λ, thus T + = T c = 0.
However, as Bousso and Hawking had pointed out [17] , for SdS black hole the normalization constant γ t of timelike Killing vector field K = γ t ∂ ∂t cannot set to be γ t = 1 as usual, but should be taken as
with r g a reference point. In this way, the Bousso-Hawking temperature can be calculated along with the new normalization as
One can easily find that the Bousso-Hawking temperature is not zero in the Nariai limit, but
. According to Eqs. (10), (11) , in the Nariai limit the effective temperature and effective volume turn into
Clearly, these results are consistent with that of Bousso and Hawking, although the coefficient is a little different. In Fig.1 , we have depicted the effective temperature T ef f . It is shown that T ef f monotonically increases as the x increases when Λ is fixed. In the Nariai limit, it reaches the maximum. When the cosmological horizon r c is fixed, the effective temperature will first increase as the black hole horizon r + increases, until the maximum, and then decrease. In the Nariai limit, it reaches the minimum. To understand the thermodynamic stability of the SdS thermodynamic system, we can calculate the heat capacity by means of the effective thermodynamic quantities.
Obviously, the heat capacity at constant pressure is always positive. Thus, we conclude that the global SdS system is thermodynamically stable and no phase transition arises.
III. THERMODYNAMICS OF REISSNER-NORDSTRÖM-DE SITTER (RNDS) BLACK HOLE
For the RNdS spacetime, the metric ansatz is also given by Eq. (1), but with
There are three positive real roots for f (r) = 0. The smallest one r − is the inner/Cauchy horizon, the intermediate one r + is the event horizon of black hole and the largest one is the cosmological horizon. According to r + , r c and Q, we can express M, Λ as:
When the black hole horizon and the cosmological horizon are viewed as independent each other, there are also respective first laws of thermodynamics:
where Φ + and Φ c are electric potentials corresponding to the two horizons.
Considering the connection between the black hole horizon and the cosmological horizon, we can derive the effective thermodynamic quantities and corresponding first law of black hole thermodynamics:
The effective surface gravity κ ef f , the effective electric potential Φ ef f and the effective thermodynamic volume V ef f are respectively:
When Q = 0, RNdS black hole returns back to SdS black hole. Correspondingly, the above quantities indeed degenerate to Eqs. (10) and (11), only if we define the effective temperature of the RNdS black hole to be:
Also, these effective thermodynamic quantities satisfy the Smarr-like formula:
which also reflects the scaling behaviors of the thermodynamic state variables.
For the RNdS black hole, it is meaningless to discuss the x → 0 limit. In this limit, the RNdS spacetime will not return to the SdS or dS spacetime. In the x → 1 limit, the charged Nariai black hole is obtained. In this case, r + = r c = ρ. M and Λ have simple forms:
The inner horizon lies at
The effective temperature T ef f in the charged Nariai case, is
In the ultracold case, namely the three horizons coincide, one can easily find that T ef f = 0.
Now it is time to discuss the thermodynamic properties of RNdS black hole. Without loss of generality, we will take the choice r c = 1 below. It is found that T ef f is always negative when Q 2 > 1/2. A negative temperature does not make any sense in black hole thermodynamics. Thus, below we will study the thermodynamic properties of RNdS black hole with 0 ≤ Q 2 ≤ 1/2.
To require T ef f ≥ 0, there are some restrictions on Q and x, which are shown in Fig.2 . For fixed x, there are always two regions in which the effective temperature T ef f is positive. While for fixed Q, there will be one or two regions in which T ef f is positive, depending on the values of Q. As is shown in Fig.2 , there is one region when Q 2 > 1/4 and two regions when Q 2 ≤ 1/4. Therefore, T ef f is shown in Fig.3(a) . The black hole cannot transit through a negative temperature region. Thus, the RNdS black hole can only stay in one of the two regions and will be always in that region. The heat capacity can be defined as
Its complete expression is very lengthy. We will put it in the Appendix. The behaviors of the heat capacity C for Q = 0.2 and Q = 0.55 are depicted in Fig.4 . The red dashed curves, which correspond to negative effective temperature regions, are meaningless. The left divergent point in Fig.4(a) and the divergent point in Fig.4(b) both correspond to the points where T ef f has local maximum values. However, another unexpected divergence for C arises in Fig.4(a) . The heat capacity can be positive in each positive-temperature region. In Fig.4(b) , the larger black hole with positive heat capacity should be thermodynamic stable. In the two disconnected positivetemperature regions in Fig.4(a) , both the black holes with larger x have positive heat capacity.
Therefore the two cases are both thermodynamically stable. However, only by heat capacity we cannot judge which region is more thermodynamically preferred. To discuss the global stability of the RNdS black hole, we need to calculate the Gibbs free energy. Because M is now viewed as enthalpy, the Gibbs free energy is defined as
Also, its complete expression is given in the Appendix. Generally, states with smaller G are more thermodynamically stable. As is shown in Fig.5(a) and Fig.5(c) , the lower branches correspond to black holes with positive heat capacity,which are indeed thermodynamically stable. However, comparing Fig.5(a) with Fig.5(b) , we can find that in former case Gibbs free energy is always positive , while it is always negative in the latter case. Therefore, we conclude that the right positive-temperature region is more thermodynamically preferred because of the lower G.
IV. CONCLUSION
In this paper, we have presented the globally thermodynamic properties including thermodynamic stability and phase transition of SdS black hole and RNdS black hole. For de Sitter black holes, the black hole horizon and the cosmological horizon can both be treated as a thermodynamic system. However, the temperatures on the two horizons are usually different. Thus the two horizons cannot be in thermodynamic equilibrium, except for the Nariai or lukewarm case. Considering the two horizons share the same parameters M, Q, Λ, there should be some connections between the thermodynamic quantities of the two horizons. Thus, we take a global view to deal with the de Sitter black holes. After treating the cosmological constant as the thermodynamic pressure, we can construct the effective first law of thermodynamics, from which the effective thermodynamic quantities can be derived. It is interesting to find that the effective temperatures for SdS black hole and RNdS black hole tend to a nonzero value in the Nariai limit. This result agrees with the result of Bousso and Hawking.
For SdS black hole, the effective temperature is always positive. For RNdS black hole, the effective temperature has two different behaviors depending to the values of Q. When Q 2 ≤ 1/4, the effective temperature can be positive in two disconnected regions. When 1/4 < Q 2 ≤ 1/2, the effective temperature is positive in one region. When Q 2 > 1/2, the effective temperature is always negative. We also discussed the locally thermodynamic stability by calculating heat capacity. It is shown that the heat capacity is always positive for SdS black hole, which mean SdS black hole is always thermodynamic stable. For RNdS black hole, heat capacity can have positive values in each positive-temperature regions when 1/4 < Q 2 ≤ 1/2. However, according to Gibbs free energy we find that RNdS black hole is more thermodynamically preferred in the right positive-temperature region.
